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Introduction {#sec001}
============

Recent advancements in regenerative biology and medicine have brought about new understandings of the mechanisms underlying organ regeneration \[[@pone.0134268.ref001]\]. The most dramatic organ regeneration is called epimorphic regeneration, i.e. the replacement of a lost limb/appendage from the amputation plane \[[@pone.0134268.ref002]\]. Current knowledge in relation to epimorphic regeneration comes predominantly from studies on lower vertebrates (i.e. amphibians), because mammals during the course of evolution, have lost the ability to fully regenerate appendages \[[@pone.0134268.ref003]\].

A rare exception to this rule is deer antlers, which are complex mammalian appendages, capable of complete regeneration \[[@pone.0134268.ref004]--[@pone.0134268.ref007]\]. Unlike the classical animal models for regeneration, which rely on cellular dedifferentiation, antler regeneration is a stem cell-based process \[[@pone.0134268.ref004],[@pone.0134268.ref008]\]. A limited number of periosteal cells (estimated at 3.3 million) from the pedicle (the permanent bony protuberance, from which an antler casts and regenerates) have been identified as antler stem cells (ASCs) \[[@pone.0134268.ref004]\]. These ACSs are capable of achieving full antler regeneration through rapid, but well-controlled, proliferation and differentiation, with a multiplication rate comparable to/or greater than that of cancer cells \[[@pone.0134268.ref006],[@pone.0134268.ref009],[@pone.0134268.ref010]\]. However, the molecular mechanisms responsible for this regeneration are thus far unknown.

Strict control of cell cycle progression for rapidly proliferating cells is crucial to prevent them from undergoing neoplastic transformation. A typical cell cycle consists of four phases: G1 (pre-DNA synthesis), S (DNA replication), G2 (post-DNA replication) and M (cell division) \[[@pone.0134268.ref011]\]. To protect genomic integrity while going through the process of a cell cycle, regulatory checkpoint mechanism, are put in place \[[@pone.0134268.ref012],[@pone.0134268.ref013]\]. These checkpoints ensure controlled cell cycle progression and prevent transition into subsequent phases until all processes in the previous phase are completed \[[@pone.0134268.ref014]\]. The first checkpoint at the G1 phase monitors DNA damage and inhibits cell cycle entry into the S phase if DNA damage is sensed. A key regulatory factor that maintains a strong G1 checkpoint is the p53-dependent p21, a cyclin dependent kinase inhibitor \[[@pone.0134268.ref015]\]. Once activated, p53, as the "guardian of the genome," induces expression of its downstream target p21, which causes cell cycle arrest at G1phase, thus maintaining genomic stability in response to DNA damage induced stress \[[@pone.0134268.ref016],[@pone.0134268.ref017]\]. Thus, in the absence of p21, the G1 checkpoint cannot be properly enacted \[[@pone.0134268.ref015]\], the cells enter S phase with possible unrepaired DNA damage, causing the cells to rely on the G2/M checkpoint, which would lead to G2/M accumulation \[[@pone.0134268.ref015],[@pone.0134268.ref018]\].

MRL (Murphy Roths Large) mice, generated from cross-breeding AKR, C3H, C57BL/6 (B6), and LG strains of mice, have unique healing attributes in that they are able to close full thickness ear wounds (made with a punch) without displaying residual signs of injury or scarring \[[@pone.0134268.ref019],[@pone.0134268.ref020]\]. One study reported that similar to other classical epimorphic regenerators, the fibroblast-like cells derived from the wound area in MRL mice show a distinct cell-cycle phenotype involving G2/M accumulation, and down-regulation of p21 \[[@pone.0134268.ref011],[@pone.0134268.ref015]\]. Furthermore, deletion of the p21 in non-regenerative mice was enough to induce tissue regeneration similar to that observed in the MRL mice \[[@pone.0134268.ref015]\]. This finding implies that cell cycle checkpoint control could be a key mechanism in controlling epimorphic regeneration.

In this study we investigated whether this distinct cell cycle phenotype, G2/M accumulation and down-regulation of the p21, would also be evident in the stem cells involved in antler regeneration. Cell-cycle distribution and expression of p21 mRNA was compared in ASCs and nasal bone periosteal cells (FPCs) of a deer as the reference tissue. The role of p21 was examined using RNA interference (RNAi) to down-regulate p21 mRNA within the ASCs *in vitro*. We found that the distribution of the cell cycle in the ASCs was comparable to that of the somatic cells (FPCs), i.e. majority of cells rested at G1 phase, and no distinct G2/M accumulation phenotype was observed. This finding was in contrast to the currently held view that all types of cells capable of epimorphic regeneration have the distinct phenotype of G2/M accumulation. Interestingly, instead of down-regulation, the expression levels of the p21 mRNA in the ASCs were significantly higher than in the FPCs. Furthermore, the cell cycle of the ASCs was not affected by the down-regulation of p21 mRNA, but DNA damage and apoptosis of the ASCs increased significantly, and the process of cell aging was inhibited/slowed. The ASCs may have developed an alternative strict cell cycle control mechanism in which cell cycle re-distribution cannot be made simply by down-regulation of the p21. Therefore, the ASCs might have evolved an alternative, p21-independent G1 checkpoint mechanism. When p21 is down-regulated, this back-up mechanism may have been ignited to substitute the crippled p21-dependent checkpoint.

Materials and Methods {#sec002}
=====================

Ethics Statement {#sec003}
----------------

This study was approved by the Temporary Animal Ethics Committee of Institute of Special Wild Economic Animals and Plants, Chinese Academy of Agricultural Sciences (Permit Number: 2014--0035).

Cell culture {#sec004}
------------

Pedicle periosteal cells (ASCs) and facial periosteal cells (FPCs) were obtained from a two-year-old male sika deer as described previously \[[@pone.0134268.ref009]\] and cultured in DMEM (Life, USA) plus 10% FBS (Gibco, USA), 500 U/ml penicillin and 500 μg/ml streptomycin (Invitrogen, USA) at 37°C in 5% CO~2~. Cells were passaged using trypsin (Sigma, USA) and stored in liquid nitrogen in freezing medium (FBS +10% DMSO). When required, the ASCs and the FPCs were thawed and cultured in T75 flasks (Nest Biotechnology, USA). Cells used in this study had reached the third passage. Detailed procedures for primary ASC and FPC culture have been described elsewhere \[[@pone.0134268.ref021]\].

Cell-cycle analysis {#sec005}
-------------------

Cell cycle distribution in the ASCs and FPCs were assayed by flow cytometry. Cells were initially seeded at the density of 3x10^4^ cells/cm^2^ and the assay was conducted at cell exponential growth phase. Briefly, cells were trypsinized, washed twice in 10 ml pre-cooled PBS (phosphate buffer solution), fixed in 75% ethyl alcohol at -20°C overnight, centrifuged at 500g, and resuspended in 500μl PBS containing 10μl RNase (50 μg/ml; Sigma, USA) for 30min at 37°C. Cells (1×10^6^/experiment) were labeled with 50μl PI (Propidium Iodide, final concentration: 50μg/ml, Shanghai Shenggong Inc, China) for 30 min in the dark. Cell cycle staging was then analyzed using a flow cytometer (Multi SET Software for acquisition and ModFit LT Software for analysis; channel: FL2, CV≤8%; BD FACSCalibur, USA).

RT-qPCR {#sec006}
-------

Total RNA was isolated from cells using Trizol extraction and purified on a silica base spin column (SK1321, Shanghai Shenggong Inc, China) according to manufacturer's protocol. RNA was resuspended in RNase-free water and RNA concentration and purity was assessed using a NanoVue (GE, USA). Reverse transcription and qPCR were performed to determine expression levels of p21 mRNA. Each pair of PCR primers ([Table 1](#pone.0134268.t001){ref-type="table"}) were designed to span an exon boundary to avoid amplification of genomic DNA \[[@pone.0134268.ref022]\]. PCR products of the expected size were detected on an agarose gel, and the efficiency of each primer set for RT-qPCR was determined to be almost 100%. Briefly, total RNA (2μg) was reverse-transcribed to cDNA using a Primescript 1^st^ Strand cDNA Synthesis Kit (TaKaRa, Dalian, China). qPCR was performed using an ABI PRISM7500 qPCR System (ABI, USA) with FastStart Universal SYBR Green Master (ROX) (Roche, USA). Reactions contained 13μlSYBR GreenPCR Master Mix, 300 nM of each primer ([Table 2](#pone.0134268.t002){ref-type="table"}), and 1μl of cDNA in a total volume of 25 μl. PCR conditions were 95°C for 15s, followed by 35 cycles of 94°C for 15s, 57°C for 30s, and 72°C for 32s. Melting curve analysis was conducted to verify specificity of the PCR. Each reaction was run in triplicates. β-Actin gene expression was used for normalization. The relative expression level of the p21 mRNA was analyzed using 7500 System Software. The control was normalised to 1 and expression data were presented as bar graphs.

10.1371/journal.pone.0134268.t001

###### Primers used for qPCR.

![](pone.0134268.t001){#pone.0134268.t001g}

  PCR/ gene              Forward                Reverse
  ---------------------- ---------------------- ----------------------
  qRT-PCR/ p21 gene      GACCACTTGGACCTGTCGCT   GGGTTAGGGCTTCCTCTTGG
  qRT-PCR/β-actin gene   GCGTGACATCAAGGAGAAGC   GGAAGGACGGCTGGAAGA

10.1371/journal.pone.0134268.t002

###### Interfering sequences of siRNA targeting for p21 gene.

![](pone.0134268.t002){#pone.0134268.t002g}

  group          siRNA                                                                           loop
  -------------- ------------------------------------------------------------------------------- -----------
  S1-sense       5'-cgcgtcccc GCGGTGGAACTTCGACTTT ttcaagaga AAAGTCGAAGTTCCACCGC tttttggaaat-3'   ttcaagaga
  S1-antisense   5'-cgatttccaaaaaGCGGTGGAACTTCGACTTT tctcttgaa AAAGTCGAAGTTCCACCGC gggga-3'      tctcttgaa
  S2-sense       5'-cgcgtcccc CCAGCATGACAGATTTCTA ttcaagaga TAGAAATCTGTCATGCTGG tttttggaaat-3'   ttcaagaga
  S2-antisense   5'-cgatttccaaaaaCCAGCATGACAGATTTCTA tctcttgaa TAGAAATCTGTCATGCTGG gggga-3'      tctcttgaa

siRNA synthesis for deer p21 {#sec007}
----------------------------

Based on the sequence of the sika deer *p21* gene (in submission), two siRNA sequences targeting the deer *p21* gene were designed using Angela siRNA design rules and the MIT online tool (<http://jura.wi.mit.edu/bioc/siRNAext/home.php>); these were subsequently designated as S1 and S2 ([Table 2](#pone.0134268.t002){ref-type="table"}). These two candidates were blasted against the NCBIRefSeq RNA database(<http://blast.ncbi.nlm.nih.gov/Blast.cgi>) to confirm their specificity, and empirically annotated to form oligonucleotides of shRNA (short hairpin RNA) prior to synthesis (Shanghai Shenggong Inc, China). The synthesized oligonucleotides were subsequently annealed into double stranded small hairpin RNAs.

Construction of lentiviral siRNA vector {#sec008}
---------------------------------------

The lentiviral vector system (gift from Prof. George Liu, Beijing University \[[@pone.0134268.ref023]\]), consisting of pLVTHM, pCMV and pMD2G plasmids, was used to deliver shRNA into the ASCs in this study. The plasmid pLVTHM contains a human H1 promoter which can sustain expression of a shRNA and GFP (Green Fluorescent Protein). Each shRNA sequence, S1 or S2, was inserted into the site between Cla1 and Mlu1 of the pLVTHM plasmid. The pMD2G plasmid includes the VSV-G gene which provides the capsid protein for virus packaging, and the pCMV plasmid encodes the necessary viral constitutive genes. Each shRNA sequence was ligated into the pLVTHM plasmid using T4 ligase (Thermo, USA). The recombinant DNA (pLVTHM-siRNA) or empty carrier (pLVTHM as negative control), pCMV and pMD2G were co-transfected into 293T cells using lipofectamine 2000 reagent (Invitrogen, USA) according to manufacturer's protocol. Virus-containing supernatants were collected 24h and 48h after transfection respectively, pooled together, then concentrated by centrifugation using the Amicon ultra centrifugal filter devices (Millipore Corporation, USA), and stored at -80°C.

Lentiviral infection {#sec009}
--------------------

ASCs at the third passage were seeded in a 6-well culture plate (Corning Coster, NY, USA) and upon reaching 50% confluence, the ASCs were infected. Briefly, the medium was removed and replaced with lentiviral-vector supernatants (S1, S2, or empty carrier respectively) or with the normal culture medium (an additional control) in the presence of 8μg/ml polybrene (Sigma, USA). Forty eight hours after infection the monitoring of GFP expression was initiated, using a fluorescent microscope (Leica, Germany), to determine the levels of siRNA expression. The GFP expressing cells were sorted by flow cytometry (BD FACSAria, USA) according to the manufacturer's manual.

Proliferation Assay {#sec010}
-------------------

The proliferation rate of the ASCs was measured at the sixth and fifteenth passages, using a MTT assay as previously described \[[@pone.0134268.ref024]\]. In brief, cells at the logarithmic growth phase were seeded in triplicates into 96-well plates at a density of 5000 cells/well and cultured for 1--6 days. At each time point, cells were incubated in medium containing 20μl MTT/well for 4 hours. Dimethyl sulfoxide (150μl; DMSO, Sigma, USA) was added to solubilize the formazan crystals and the OD~595~ measured on an ELISA plate reader (Tecan, Switzerland).

Apoptosis of cells {#sec011}
------------------

Apoptosis was detected using Annexin V-PE/7-AAD staining (Apoptosis Detection Kit; KGA 1017 Kaiji Inc, Nanjing, China). Briefly, 1--2×10^6^ cells were trypsinized using EDTA-free trypsin (Invitrogen, USA) and centrifuged at 2000 rpm, washed twice in 10 ml PBS, then labeled with 7-AAD and Annexin V-PE in binding buffer according to manufacturer\'s instructions. To identify the apoptotic population of ASCs, fluorescent signals were detected with flow cytometry (channels: FL2/FL3, BD FACSCalibur, USA).

Comet assay for the detection of DNA damage {#sec012}
-------------------------------------------

DNA damage in the ASCs was detected using an alkaline comet assay (alkaline single-cell gel electrophoresis assay; Cleaver, Britain), following the protocol previously described \[[@pone.0134268.ref025],[@pone.0134268.ref026]\]. Briefly, a cell suspension (where cell viability was over 95% using trypan blue exclusion analysis) was mixed with 0.6% low-melting-point agarose (kept at 37°C), then rapidly spread onto specially treated slides (4250-050-K, Trevigen, USA) and covered with a 24x24 mm cover slip. After immobilizing at 4°C for 15 minutes, the slide was submerged in precooled lysis solution (2.5 M NaCl, 30 mM Na~2~EDTA·2H~2~O, 10 mM Tris, and 1% Triton X-100) for 1.5h at 4°C in the dark. The slides were then placed in electrophoresis solution (900 mM Tris, 900 mM H~2~BO3, 20 mM Na~2~EDTA·2H~2~O) for 20 minutes to facilitate DNA unwinding. Electrophoresis was conducted for 30 minutes at 20 volts. After electrophoresis the slides were stained with ethidium bromide (5μg/mL) and comets were visualized under a fluorescent microscope (Leica, Germany) at 100× magnification. The degree of DNA damage was assessed using the tail lengths, tail DNA% and Olive tail moment, which were calculated from 100 randomly chosen cells per group with the CASP software (Comet Assay Software Project).

Senescence-associated β-galactosidase staining {#sec013}
----------------------------------------------

ASC senescence was assessed using a Senescence β-galactosidase Staining Kit (Biyuntian Inc, china). Briefly, cells at the fifteenth passage were seeded in 6-well plates at a density of 4×10^4^ cells/cm^2^, and cultured at 37°C, 5% CO~2~ for 24h, prior to staining. The aging cells were stained for β-galactosidase according to the manufacturer's protocol (deep blue). Positive cells were observed under a microscope (Olympus, Japan), and the mean percentage of cells expressing β-galactosidase was calculated. The experiment was repeated three times and the results were analyzed statistically.

Statistical analysis {#sec014}
--------------------

All experiments were performed in triplicates and three independent experiments were conducted. Results are presented as the mean ± SEM of three independent experiments. Statistical analysis was performed with t test using SPSS (windows version 20) and values at p\< 0. 05 were considered statistically significant.

Results {#sec015}
=======

Cell cycle in the ASCs and the FPCs {#sec016}
-----------------------------------

As described previously, G2/M cell cycle accumulation is commonly reported in regenerative organisms \[[@pone.0134268.ref015]\]. To ascertain whether the ASCs capable of epimorphic regeneration, also express this distinct feature, the cell cycle of the ASCs and the FPCs (as a reference cell line), at the sixth passage were analyzed using flow cytometry. Cell cycle distributions of the ASCs and the FPCs at the exponential growth phase are shown in [Fig 1](#pone.0134268.g001){ref-type="fig"} and the actual percentages of cells in G1, S and G2/M are shown in [Table 3](#pone.0134268.t003){ref-type="table"}. The majority cells in both the FPCs ([Fig 1A](#pone.0134268.g001){ref-type="fig"}) and the ASCs ([Fig 1B](#pone.0134268.g001){ref-type="fig"}) rested at the G1 phase and no distinct G2 accumulation was observed for these cell types. There was no significant difference in the ratio of the cell numbers at G1 to G2 phases between the ASCs and the FPCs ([Fig 1C](#pone.0134268.g001){ref-type="fig"}, P = 0.192). These results indicate that the cell cycle of the ASCs is comparable to the control somatic cells (FPCs).

![Cell cyclein the ASCs and the FPCs.\
Exponentially growing ASCs and FPCs were harvested for the cell cycle analysis using flow cytometry. The data were analyzed with ModFit LT Software to estimate the percentages of cells at G1, S, and G2/M phases. A: Cell cycle distribution of the FPCs. B: Cell cycle distribution of the ASCs. No distinct G2/M accumulation was observed in either of the cell lines. C: Ratio of the cell numbers at G1 to G2 phase. Note that there was no significant difference in cell cycle distribution between these two cell types (P\>0. 05).](pone.0134268.g001){#pone.0134268.g001}

10.1371/journal.pone.0134268.t003

###### Cell cycle distribution of the FPCs and the ASCs.

![](pone.0134268.t003){#pone.0134268.t003g}

  Group   G0/G1       S           G2/M
  ------- ----------- ----------- -----------
  FPC     63.9±3.74   25.1±3.42   11±1.03
  ASC     59.9±4.54   25.9±3.07   14.2±0.64

Expression levels of p21 mRNA in the ASCs and the FPCs {#sec017}
------------------------------------------------------

In the mouse model for regeneration, MRL cells express lower levels of p21 than control mouse cells \[[@pone.0134268.ref015]\]. To learn if there was also a difference in this aspect between the ASCs and the FPCs, expression levels of p21 mRNA from cells at the third passage was measured. As shown in [Fig 2](#pone.0134268.g002){ref-type="fig"}, expression levels of p21 mRNA in the FPCs accounted for only half of that in the ASCs. In other words, instead of down-regulation, p21 mRNA in the ASCs was significantly higher than that in the control FPCs (P = 0.003). This is in sharp contrast to the results from the mouse model for regeneration. To determine whether the difference in cell cycle distribution between the ASCs and the cells from the other classical epimorphic regenerators was due to the high expression levels of p21, down-regulation of p21 in the ASCs was carried out using RNAi technology.

![Expression levels of p21 mRNA in the ASCs and the FPCs.\
Total RNA was isolated from the ASCs or the FPCs at the third passage, RT-qPCR was performed for each cell type. Note that mRNA level for p21 in the FPCs accounted for only half of that in the ASCs. Expression level of the p21 mRNA in the ASCs was significantly higher than that in the FPCs (P\<0.05).](pone.0134268.g002){#pone.0134268.g002}

Effects of RNAi on the p21 expression in the ASCs {#sec018}
-------------------------------------------------

To determine the efficiency of viral infection, the ASCs infected with either target shRNA or empty carrier were examined 48h after infection. Fluorescence was clearly observable in both the shRNA-infected ASCs ([Fig 3A](#pone.0134268.g003){ref-type="fig"}) and the empty-vector-infected ASCs ([Fig 3C](#pone.0134268.g003){ref-type="fig"}). The cells from both the shRNA-infected and the empty-vector-infected all appeared to be healthy ([Fig 3B and 3D](#pone.0134268.g003){ref-type="fig"}). These results confirmed that the lentiviral infection was successful.

![Effects of RNAi on the p21 expression in the ASCs.\
GFP expression was monitored under a fluorescent microscope 48h after lentiviral infection. A and B, the p21-shRNA-infected ASCs. C and D, the empty-vector-infected ASCs. Fluorescence was clearly observable in both the p21-shRNA-infected ASCs (3A) and the empty-vector-infected ASCs (3C). Cells from both groups were healthy. E: RT-qPCR of the p21 expression. Note that both of the target sequences (S1 and S2) significantly down-regulated p21 mRNA expression in the ASCs (P\<0.05). No significant difference was found between the empty-vector-iRNA ASCs and the untreated ASCs (P\>0.05).](pone.0134268.g003){#pone.0134268.g003}

Subsequently, qPCR was performed to determine the effects of RNAi on expression levels of p21 mRNA ([Fig 3E](#pone.0134268.g003){ref-type="fig"}). Total RNA was isolated from the lentiviral-infected or uninfected ASCs 48hrs after infection. Results showed that both the target sequences (S1 and S2) significantly down-regulated the p21 expression in the ASCs compared to the untreated ASCs (S1: P = 0.001; S2: P = 0.002); and the S1 target sequence (knockdown rate: 79.4%) was more efficient at down-regulating expression than S2 (knockdown rate: 68.4%). In contrast, no significant difference was found between the empty-vector-iRNA ASCs and the untreated ASCs (P = 0.098). We therefore selected the S1target sequence for the following studies.

Effects of p21 knockdown on ASC cell-cycle distribution and ASC growth {#sec019}
----------------------------------------------------------------------

The cell cycle of ASCs was comparable to that of the control cells (FPCs), which is different from the other regenerators (G2/M accumulation). To investigate the effects of p21 knockdown on the ASC cell-cycle distribution, the untreated ASCs and the S1-iRNA ASCs, at the exponential growth phase, were analyzed by flow cytometry. Cells were infected by lentivirus at the third passage and harvested at the sixth, tenth and fifteenth passages for cell cycle distribution analysis. The results showed that no significant changes in cell cycle distribution were observed for the S1-iRNA ASCs ([Fig 4A](#pone.0134268.g004){ref-type="fig"}) compared to the untreated ASCs ([Fig 4B](#pone.0134268.g004){ref-type="fig"}) at the passages examined. Percentages of cells at G1, S and G2/M phases did not show any significant difference ([Fig 4C](#pone.0134268.g004){ref-type="fig"}). Down-regulation of p21 did not cause ASC cell-cycle re-distribution toward G2/M accumulation.

![Effects of p21 knockdown on ASC cell-cycle distribution.\
Cells were infected at the third passage and harvested at the sixth, tenth and fifteenth passages, and analyzed by flow cytometry. The data were analyzed with ModFit LT Software to estimate the percentages of cells at G1, S, and G2/M. A and B: Cell cycle distribution of the ASCs. A, S1-iRNA ASCs. B, Untreated ASCs. Note that there was no distinct G2 accumulation in either of the groups. C: Bar graph depicts percentage of the cells at G1, S and G2 phases. Percentage of the S1-iRNA ASCs at G2 phase was similar to that of the untreated ASCs. There was no significant difference in cell-cycle distribution between the two groups (P\>0. 05).](pone.0134268.g004){#pone.0134268.g004}

To investigate the effects of down-regulation of p21 on the ASC proliferation, growth rates of the S1-iRNA ASCs, the empty-vector-iRNA ASCs and the untreated ASCs were conducted at the sixth and the fifteenth passages using an MTT assay. As shown in [Fig 5](#pone.0134268.g005){ref-type="fig"}, there was no significant difference between the S1-iRNA ASCs, the empty-vector-iRNA ASCs and the untreated ASCs at the sixth passage ([Fig 5A](#pone.0134268.g005){ref-type="fig"}). The growth rate of the ASCs was lower at later passages than at earlier passages as determined by the gradient of the growth curves. At passage fifteen the proliferation rate of the S1-iRNA ASCs was, however, significantly higher than that of the untreated and the empty-vector-iRNA ASCs ([Fig 5B](#pone.0134268.g005){ref-type="fig"}), which indicates that knockdown of the p21 delayed this decrease in growth rate of the ASCs.

![Effects of p21 knockdown on ASC growth.\
MTT assay of the S1-iRNA ASCs, the empty-vector-iRNA ASCs and the untreated ASCs. A, Growth curve of the ASCs at passage six. No significant difference was observed between these three groups. B, Growth curve of the ASCs at passage fifteen. Note that the proliferation rate of the S1-iRNA ASCs was significantly higher than those of the other two groups (P\<0.05).](pone.0134268.g005){#pone.0134268.g005}

Effects of p21 knockdown on DNA damage in the ASCs {#sec020}
--------------------------------------------------

To determine the effects of p21 knockdown on DNA damage in the ASCs, alkaline comet assays were performed on the S1-iRNA ASCs, the empty-vector-iRNA ASCs and the untreated ASCs at passage ten after 48h of treatment/control conditions. The majority of the untreated ASCs were devoid of fluorescent tails ([Fig 6A](#pone.0134268.g006){ref-type="fig"}), indicating that nuclear DNA of these cells remained intact. A few empty-vector-iRNA ASCs showed weak comet tails ([Fig 6C](#pone.0134268.g006){ref-type="fig"}). In contrast, down-regulation of p21 in the ASCs (treated group) increased the number of comets with typical tails ([Fig 6B](#pone.0134268.g006){ref-type="fig"}). As shown in [Table 4](#pone.0134268.t004){ref-type="table"}, suppression of p21 expression in the ASCs lead to a significant increase in comet tail length (48.8±2.74) compared to the empty-vector-iRNA ASCs (24.96±1.15, P = 0.00001) and the untreated ASCs (18.16±1.02, P = 0.00001). Consistence with these results, comet tail DNA% and Olive tail moment in the S1-iRNA ASCs (22.68±3.16, 7.33±0.76, respectively) were both significantly higher than those of the empty-vector-iRNA ASCs (11.06±1.13%, 2.43±0.14, respectively) and the untreated ASCs (7.07±0.69%, 1.88±0.19, respectively). These data indicate that the p21 knockdown has deleterious effects on DNA stability in the ASCs.

![Effects of p21 knockdown on DNA damage in the ASCs.\
Observation of the cells containing DNA breaks (with long tails) under a fluorescent microscopy. A, Untreated ASCs. No obvious comet tails were observed. B, S1-iRNA ASCs. Almost every cell in the field had a long and obvious comet tail (arrow). C, Empty-vector-iRNA ASCs. Weak comet tails were observed.](pone.0134268.g006){#pone.0134268.g006}

10.1371/journal.pone.0134268.t004

###### Effects of p21 knockdown on the ASCs DNA damage.

![](pone.0134268.t004){#pone.0134268.t004g}

  Group     Tail Length                                        Tail DNA%                                         Olive Tail Moment
  --------- -------------------------------------------------- ------------------------------------------------- ------------------------------------------------
  UN        18.16±1.02                                         7.07±0.69                                         1.88±0.19
  S1-iRNA   48.8±2.74[\*\*](#t004fn002){ref-type="table-fn"}   22.68±3.16[\*](#t004fn003){ref-type="table-fn"}   7.33±0.76[\*](#t004fn003){ref-type="table-fn"}
  Em-iRNA   24.96±1.15[\*](#t004fn003){ref-type="table-fn"}    11.06±1.13                                        2.43±0.14

UN: The untreated ASCs; S1-iRNA: The S1-iRNA ASCs; Em-iRNA: The empty-vector-iRNA ASCs.

\*\* p\<0.01

\* p\<0.05

Effects of p21 knockdown on apoptosis of the ASCs {#sec021}
-------------------------------------------------

We also investigated the effects of the p21 knockdown on cell apoptosis using an Annexin V-PE/7-AAD Apoptosis Detection Kit. Cells were infected with lentivirus at the third passage. The infected cells were harvested at the fifth passage for the detection of apoptosis. In [Fig 7](#pone.0134268.g007){ref-type="fig"}, apoptotic S1-iRNA ASCs were significantly increased compared to the untreated ASCs (P = 0.000381) and the empty-vector-iRNA ASCs (P = 0.000535), while no significant difference was detected between the untreated ASCs and the empty-vector-iRNA ASCs (P = 0.681). Down-regulation of p21 resulted in an increase of apoptotic cells 3.08±0.078%, whereas only 1.78±0.162% and 1.7±0.154% in the empty-vector-iRNA ASCs and the untreated ASCs were detected respectively.

![Effects of p21 knockdown on apoptosis of the ASCs.\
Detection of cell apoptosis by Annexin V-PE/7-AAD staining. A-C: Annexin V-PE was read in FL2 and plotted on the x-axis. 7-AAD was read in FL3 and plotted on the y-axis. Living cells were located in the lower left quarter (both annexin and 7AAD negative), apoptotic cells were in the lower right quarter (annexin positive, 7AAD negative) and the dead cells (and late apoptosis) were in the top right quarter (both annexin and 7AAD positive). A, Untreated ASCs. B, S1-iRNA ASCs. C, Empty-vector-iRNA ASCs. D, Comparisons of the apoptotic rate between the S1-iRNA ASCs, the empty-vector-iRNA ASCs and the untreated ASCs. Note that the rate of apoptosis in the S1-iRNA ASCs was significantly increased compared to the untreated ASCs and the empty-vector-iRNA ASCs (P\<0.05).](pone.0134268.g007){#pone.0134268.g007}

Effects of p21 knockdown on senescence in the ASCs {#sec022}
--------------------------------------------------

Based on the function of p21 in cell senescence, we investigated the effects of p21 knockdown on senescence of the ASCs by a Senescence β-galactosidase Staining Kit. As the results shown, at passage fifteen the S1-iRNA ASCs were barely expressing senescence-associated β-galactosidase ([Fig 8A](#pone.0134268.g008){ref-type="fig"}). In sharp contrast, the percentage of cells expressing β-galactosidase increased in the empty-vector-iRNA ASCs, which indicates that these cells were becoming senescent ([Fig 8B](#pone.0134268.g008){ref-type="fig"}). With careful comparison, we also detected that the size of the empty-vector-iRNA ASCs was increased. As shown in [Fig 8C](#pone.0134268.g008){ref-type="fig"}, the percentage of aging ASCs following *p21* gene knockdown (4.48±1.13%) was significantly decreased compared to the empty-vector-iRNA ASCs (41.52±2.95%, P = 0.000118) and the untreated ASCs (34.20±2.56%, P = 0.000672). In contrast, there was no significant difference in aging cell number between the untreated ASCs and the empty-vector-iRNA ASCs (P = 0.053). The results suggest that the p21 plays an important role in the ASC senescence.

![Effects of p21 knockdown on senescence in the ASCs.\
A and B: β-Galactosidase staining. A, S1-iRNA ASCs. Note these cells were barely stained, changes in cell volume were not detectable. B, Empty-vector-iRNA ASCs. Note most of these cells were stained in deep blue (senescent cells), with an increase in cell volume. C, Comparisons between the S1-iRNA ASCs, the empty-vector-iRNA ASCs and the untreated ASCs in the percentage of the senescence positive ratio of the cells. Note that senescent rate of the cells infected by S1-siRNA was significantly lower than those of the other two groups (P\<0.05).](pone.0134268.g008){#pone.0134268.g008}
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To the best of our knowledge, this study is the first to examine cell-cycle regulation in relation to antler regeneration. As a key regulatory factor at the G1 checkpoint of the cell cycle, p21 has been confirmed to play an important role in cell-cycle distribution and tissue regeneration \[[@pone.0134268.ref015]\]. Unexpectedly, in the present study, our results showed that down-regulation of p21 did not alter cell-cycle distribution of the ASCs toward G2/M accumulation, suggesting that an alternative regulatory mechanism may have been activated when p21was down-regulated. However, DNA damage and apoptosis of the ASCs significantly increased and the cell aging process significantly slowed following down-regulation of p21. Therefore, in the ASCs p21 protein may contribute to the regulation of DNA damage repair, which is crucial to the maintenance of genome stability, in order to prevent such fast proliferating cells from undergoing neoplastic changes.

Cell cycling is an integral part of cell proliferation, and the latter is essential for tissue/organ regeneration. A typical cell cycle consists of four phases, G1, S, G2 and M, these phases take place sequentially when a cell is activated to divide from its quiescent state, termed G0\[[@pone.0134268.ref011]\]. Checkpoints exist in these phases to prevent the cells from entering S and M phases precociously until all requirements for DNA synthesis and mitosis are satisfied, in so doing reducing the risk of cells becoming malignant. If cells sense DNA damage or other stresses during the G1 phase, cell cycle progression would be arrested. If the G1 checkpoint fails, it would lead to dependence on the G2 checkpoint \[[@pone.0134268.ref027]\]. Interestingly, G2/Maccumulation is reportedly a common feature in regenerating organisms \[[@pone.0134268.ref015]\], such as hydra \[[@pone.0134268.ref028]\], amphibian \[[@pone.0134268.ref029]\], mammalian liver \[[@pone.0134268.ref030], [@pone.0134268.ref031]\] and MRL mouse ear \[[@pone.0134268.ref032]\]. In these animal models, cells derived from regenerative tissues escape the G1 checkpoint to reach the next checkpoint, resulting in G2/M accumulation. An advantage of the G2/M accumulation is the increase in cell proliferation rate, which is needed for regeneration. Nonetheless, it also involves the risk of uncontrolled proliferation as the G2/M phase is the last checkpoint of a cell cycle. Notably, the ASCs that possess the full potential of epimorphic regeneration \[[@pone.0134268.ref007]\] exhibit a cell cycle that is comparable to normal somatic cells (i.e. FPCs), i.e. the majority of cells rest at the G1 phase instead of G2/M. Therefore, deer antlers not only provide a single model for mammalian epimorphic regeneration, but also might be a unique model for risk-free epimorphic regeneration.

Previous studies have shown that p21 is involved in the regulation of the cell cycle as a major controlling factor at the G1 checkpoint. The *p21* gene is the major downstream target gene of p53 \[[@pone.0134268.ref011]\]. Before a cell enters S-phase, DNA damage, oxidative stress, or other DNA damaging factors can activate the expression of p53, and the targeted p21 will then inhibit the activity of cyclins at the G1 checkpoint, the consequence of which is to stop the transition from G1 phase to S phase \[[@pone.0134268.ref033]\]. Generally, a typical cell cycle stops at the G1 checkpoint \[[@pone.0134268.ref011]\]. However, cells capable of epimorphic regeneration skip the G1 checkpoint and are arrested at the G2/M phase \[[@pone.0134268.ref011]\]. Therefore, the G2/M phase accumulation has been known as the distinct cell cycle phenotype for epimorphic regeneration \[[@pone.0134268.ref015]\]. Bedelbaeva et al \[[@pone.0134268.ref015]\] reported that deletion of the *p21* gene induced ordinary mouse to acquire a regenerative phenotype and the resultant cells participating in regeneration expressed the distinct cell-cycle involving G2/M accumulation. Therefore, p21 must be crucial for initiating the process of regeneration possibly via regulation of the G1 checkpoint. However, our results showed that down-regulation of the p21 did not alter cell-cycle of the ASCs toward G2/M accumulation, which is different to the results found in the mouse model of regeneration. This finding suggests that the ASCs may have developed an alternative strict cell cycle control mechanism in which cell cycle re-distribution could not be made simply by down-regulation of p21. This mechanism may have been activated as a substitution to resist the alteration of cell cycle distribution when p21 in the ASCs is down-regulated.

In addition to the role in cell cycle regulation p21 is also involved in other cellular functions, such as DNA damage repair and apoptosis. The DNA of rapidly growing cells is more inclined to damage due to both external and internal stresses \[[@pone.0134268.ref034]\]. During cellular reprogramming, DNA damage at a certain level is tolerated, if the damage exceeds that upper limit, the damage would trigger cell apoptosis \[[@pone.0134268.ref035],[@pone.0134268.ref036]\], or the faulty copies of DNA will eventually lead to neoplastic transformation \[[@pone.0134268.ref037],[@pone.0134268.ref038]\]. Perucca et al \[[@pone.0134268.ref039]\] reported that expression of p21 is closely associated with DNA damage repair and apoptosis, as loss of the p21 activates a DNA damage response in normal human fibroblasts. It is also reported that p21 raises the threshold of apoptosis induced by DNA-damage in prostate cancer cells \[[@pone.0134268.ref040]\]. In this research down-regulation of the p21 resulted in cell apoptosis and substantial DNA damage in the ASCs. These findings suggest that p21 may play a role in the resistance to apoptosis and participate in DNA damage repair in the ASCs. Given the significant role of DNA damage repair processes in protecting against cancer \[[@pone.0134268.ref041]\], future work in the ASCs along this line should be aimed at elucidating whether p21 is involved in the maintenance of genome stability by modulating DNA repair processes.

Cells inevitably will become senescent, and p21 plays a role in this process. Nuclear accumulation of p21 protein in human colonic carcinoma cells is found to cause cellular senescence \[[@pone.0134268.ref042]\]. Loss of p21 function results in an extension of cell lifespan both *in vitro* and *in vivo*\[[@pone.0134268.ref043],[@pone.0134268.ref044]\], and causes cells to bypass telomere-dependent replicative and oncogene-induced senescence in normal human fibroblasts and MEFs \[[@pone.0134268.ref045]\]. Consistence with these reports, in the present study, down-regulation of the p21 slowed the process of senescence of the ASCs, indicating that p21 indeed contributes to the process in which rapid proliferation of the ASCs is precisely regulated without undergoing neoplastic transformation. Given the importance of genome stability to a healthy cell line, we speculate that p21 may be involved in maintaining genome stability in the ASCs, which is crucial for the cells capable of rapid regeneration, though this will require future study.

Overall, the ASCs did not show distinct G2 accumulation, and hence deer antlers not only provide a single model for mammalian epimorphic regeneration, but also may be a unique model for risk-free epimorphic regeneration. The discovery of a possible function of p21 in maintaining genome stability in the ASCs would give insight into a system where epimorphic regeneration is enacted whilst the genome stability is effectively maintained.
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